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Abstract
Objective: The aim of this study was to evaluate the morphological alterations of radiation-related caries using
optical coherence tomography. Methods: Thirty-six extracted teeth from 11 patients who had undergone ra-
diotherapy were sectioned in the sagittal axis in the center of the carious lesion, and 100 lm thick sections were
obtained from each specimen. One sample from each tooth was investigated by an optical coherence tomog-
raphy (OCT) system, and the results were compared with histological images from polarized light microscopy.
Results: In OCT dentin caries images, the demineralized area appeared as a white region, whereas the trans-
lucent zone appeared as a dark area, a similar pattern also seen in coronal caries. In noncavitated enamel lesions
clinically observed as brown discoloration, the area of high porosity, and also the dark color, absorbs part of the
light, resulting in a dark pattern. Finally, the involvement of dentin–enamel junction (DEJ) or cement–enamel
junction (CEJ) could be clearly observed, when present and marked alterations along the CEJ could be noted, as
junction continuity loss, gap formation, and mineral loss tissue. Conclusions: The OCT technique was able to
characterize radiation-related caries, from a morphological point of view. Also demonstrated was its potential
benefit for use in the clinical monitoring of radiation-related carious process.
Introduction
Patients undergoing head and neck radiotherapyoften develop early and late oral complications. Of these,
radiation-related caries (RRC) is the most threatening to
dental structure. It is considered a unique disease because of
its rapid onset and progression, with a high potential for
dental destruction (amputation of crowns and complete loss
of dentition within short periods of time), affecting mainly
cervical areas, after exposure of the cement–enamel junction
(CEJ) and/or the dentin–enamel junction (DEJ).1,2 Although
the exact nature of RRC has not been completely understood,
it can be considered as a complex and multifactorial disease
related to the direct and indirect effects of radiation on the
salivary glands and teeth.3–8
Despite recent advances in radiation therapy and im-
plementation of multidisciplinary approaches, the oral en-
vironment of patients who undergo head and neck therapy
still poses a clinical challenge for dentistry. Therefore, a
better understanding of carious development in patients
with cancer could be useful for the improvement of clinical
management.
Polarized light microscopy (PLM) is classically used to
evaluate dental caries, and can be an adequate tool to evaluate
RRC, as previously described.3 Optical coherence tomography
(OCT) is a nondestructive imaging technique using low-co-
herence interferometry to determine the time delay and
magnitude of backscattered light reflected off a transparent
and semitransparent structure.9 By using the optical proper-
ties of reflection and scattering into sound and carious min-
eralized tissues, it is possible to evaluate and characterize
morphological structures as the CEJ and DEJ.10 The aim of this
ex vivo study was to analyze the morphological properties of
RRC using OCT, which has the advantage of being
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noninvasive and nondestructive – therefore having potential
clinical use – and to further match such results with the PLM
findings.
Materials and Methods
The study analyzed 36 human permanent teeth in differ-
ent stages of the RRC process evolution, extracted because of
advanced periodontal disease, from 11 patients who had
received radiotherapy for head and neck cancer treatment.
The clinicopathological aspects of the studied patients were
previously presented by our group.3 All the selected teeth
were within the irradiation field, and after extraction, the
teeth were stored in 10% neutral-buffered formalin solution.
The analysis was conducted after approval by the Ethics
Committee for Human Studies at Piracicaba Dental School,
Brazil (process number 167/2006), according to the De-
claration of Helsinki.
Visual inspection was performed, analyzing the external
aspect of teeth surfaces, in order to detect the presence and
extent of carious lesions in the samples.
OCT experimental setup
A commercially available OCT system was used (Spectral
Radar SR-OCT: OCP930SR/Thorlabs, NJ), operating in the
spectral domain using a superluminescent diode (SLD) light
source at central wavelength of 930 nm. This system con-
sisted of three main parts: a handheld scanning probe, a base
unit, and a personal computer (PC) (Fig. 1). The base unit
contained the SLD light source. A fiberoptic coupler was
used to direct the light from a broadband SLD source to the
Michelson interferometer, which was located inside the
handheld probe. The sample and the reference light traveled
back through the same fiber to the spectrometer and the
imaging sensor located in the base unit. The base unit was
connected to the PC, which was equipped with two high-
performance data acquisition cards. All required data ac-
quisition and processing were performed via the integrated
software package, which included a complete set of func-
tions for collection and control data measurement of OCT
image files. The software was developed in LabVIEW (La-
boratory Virtual Instrument Engineering Workbench, Na-
tional Instruments, USA) language program. Images were
generated as a numerical matricial array, composed in 2000
columns and 512 lines, and the maximum lateral scanning
was 6.0 mm, which provided 6.2 lm of axial and transversal
resolution when combined with the optical system. The
system captured approximately three frames per second, and
the maximum image depth was 1.3 mm.
Samples evaluation by OCT
OCT performs high-resolution and cross-sectional tomo-
graphic imaging of the internal structures in biological tis-
sues by measuring the backscattered and reflected light as a
function of the scattering caused by the local changes in
tissue structure of the tooth, as different refractive indexes
for each kind of tissue, for example enamel or dentin, pre-
senting carious or noncarious lesion. Variations in scattering
measured in relation to depth from a single point on the
tooth surface are called an ‘‘A-scan’’. Taking several A-scans
along a line produces information from a ‘‘slice’’ of tooth
tissue, which is the tomogram. The movement along the line
of A-scans is known as the ‘‘B-scan.’’11
OCT images (B-scan) were acquired perpendicular to the
sample surface firmly positioned to avoid dislocations,
aiming to identify the enamel and dentin caries zones,
FIG. 1. The commercial SR-OCT,
OCP930SR, schematic diagram (adapted from
Thorlabs, NJ).
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qualitative patterns of demineralization and reactionary
dentin. The charge-coupled device (CCD) system attached
was applied as a guide to visually observe the cross-sectional
images obtained every 200 lm longitudinally. This sequence
of images sections gave a complete mapping of the internal
structures. All images were scaled by LabVIEW software,
and the quantitative measurements were obtained using
public domain software, Image J (Imaging Processing and
Analysis in Java, National Institutes of Health, Bethesda,
MD). To confirm the analysis of internal structures – the
transition from enamel to dentin, the limit between sound
and carious tissue, or even the presence of caries affecting the
CEJ and/or DEJ – A-scans of specific points as a function of
depth were analyzed using the software Origin 8.1 (Origin-
LAB Data Analysis and Graphing Software, Microcal Soft-
ware Inc., USA).
Microscopic analysis
Each tooth was sectioned in the sagittal axis in the center of
the caries lesion, using a low-speed saw (Isomet, Buehler, Lake
Bluff, IL) under constant water irrigation, and 100lm thick
sections were obtained from each specimen. Hand-ground
polishing was performed using successively finer grade silicon
carbide paper to a final thickness of 80lm. Then samples were
immersed in deionized water, between a glass slide and a
cover-slip. One section from each tooth was investigated by
transmitted PLM (DM 5.000; Leica, Wetzlar, Germany),
through a 50· magnification, in order to identify the enamel
and dentin caries zones, qualitative patterns of demineraliza-
tion and reactionary dentin. Images were captured by a CCD
camera coupled to the PLM and analyzed by the Leica Qwin
(Leica, Wetzlar, Germany) image capture software.
PLM images were then compared to OCT images, aiming
to identify the alterations on enamel and root surfaces.
Characteristic structures were observed under both tech-
niques, as the demineralized dentin in the triangular pattern
and in the half-moon-like shape in coronal lesions and in-
cipient root surfaces, incisal caries and CEJ and DEJ alter-
ations. It is important to register the presence of DEJ
alterations even in noncavitated enamel lesions.
Results
Incisors, molars, and canines were the predominant teeth,
representing 42%, 31%, and 17%, respectively. Brown dis-
coloration affecting enamel and root surfaces in the majority
of the sample (81%) was observed. Also, cervical caries was
visually diagnosed in 78% of the specimens, and 31% of the
anterior teeth presented with incisal caries. For a better un-
derstanding of the results, Fig. 2 shows an OCT image sec-
tion of the CEJ region registering cement, dentin, enamel,
and their junctions in a sound and nonirradiated tooth (Fig.
2a), and the same structures in a decayed tooth, previously
subjected to head and neck radiotherapy, where the altered
DEJ, destroyed CEJ, and carious progress in both cement and
dentin (Fig. 2b) can be seen. Cement is presented as a thin
well-defined white layer, and both junctions (CEJ and DEJ)
can be easily identified as a point between the ‘‘V’’ depres-
sion and a dark line below enamel, respectively.
PLM findings were used as the gold standard to compare
with OCT images (Fig. 3). By PLM, the triangular pattern
(Fig. 3a) and half-moon-like shape (Fig. 3b) of demineral-
ization in coronal lesions and incipient root surface caries
(with the base at the tooth surface and the apex pointing to
the pulp) were identified as demineralized dentin and
translucent zone.
In OCT dentin caries images, the demineralization pro-
motes an increased reflectivity and loss of light intensity on
the deeper portions of the tooth.12 Therefore, the deminer-
alized area appeared as a white region because of the increase
in the backscattered and reflected light associated with alter-
ation of the refractive index and increased porosity. The
translucent zone appeared as a dark area because of the lower
backscattered light. A similar pattern could be observed in
coronal caries and incipient surface caries (Fig. 3e and f).
Incisal caries (Fig. 3c and g), with triangular demineral-
ization affecting the exposed dentin with little involvement
of enamel by PLM, were shown in OCT images with similar
aspects, sparing the enamel and involving the DEJ. OCT
images of noncavitated brown-discolored enamel (Fig. 3d
and h) presented as an area of high light absorption; the dark
color absorbed a considerable amount of the light, dimin-
ishing its penetration. In addition, DEJ was not clearly ob-
served because of the reduction of light penetration in the
sub-superficial lesion.
Moreover, marked alterations along the cement and CEJ
could be observed as loss of cement and its continuity, as well
as CEJ disorganization as seen in Fig. 4a–c, which show dif-
ferent sections of the same tooth, evidencing the DEJ and CEJ
loss of continuity, with the caries propagation through the
DEJ, even under the apparently sound enamel. These findings
can possibly explain the higher dentin surface exposition, the
presence of gaps, and DEJ demineralization process. In Fig. 4c,
it is possible to observe, on the right side, an area of dentin
caries immediately after the DEJ limit; at the opposite side,
there is healthy dentin under the remaining cement. The mi-
croleakage through the DEJ shown in Fig. 4d clearly repre-
sents a gap (the spreading of demineralization process) as a
marked white line formed because of the presence of a thin
air-occupied space between the dentin and enamel. In the
sample, DEJ and/or CEJ changes were noted as a well-defined
white line in 25/27 teeth (92.59%) and extensive areas of
dentin exposure were noted in 22/27 teeth (81.5%).
In addition, OCT cross-sectional images allow quantifica-
tion of the depth of mineral loss tissue. Figure 4e and f, from
FIG. 2. Cross-sectional optical coherence tomography
(OCT) image of sound and nonirradiated tooth (a), showing
the enamel, dentin, cement, dentin–enamel and cement–
enamel junctions, and an irradiated tooth (b), presenting the
caries progress affecting the same structures.
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different parts in the same tooth, show the loss of mineral
tissue resulting from the caries progress, whose maximum
depth was measured to evolve from 189lm (Fig. 4e) to
485 lm (Fig. 4f). Differences in cement structure and its ar-
chitectural organization could be easily noted. On the other
hand, PLM had shown a significant birefringence and some
destruction around the CEJ region. In addition, OCT analysis
showed DEJ alterations through sound enamel, allowing
better identification, and also measuring the depth of carious
lesions even in these situations.
Discussion
Although similar microscopic aspects among ‘‘standard’’
caries and RRC have been found,3 additional understanding
is necessary, especially regarding brown discolorations and
CEJ alterations. Only a few studies have evaluated teeth
extracted following radiation therapy,1,3,13–15 usually
through PLM and scanning electronic microscopy (SEM). To
the best of our knowledge, this is the first study conducted
with OCT technique to characterize RRC. OCT technology
has given valuable information of clinical use of dental
materials,16,17 being also capable of evaluating carious teeth.
The alterations in the CEJ and DEJ identified by OCT anal-
ysis seem to be the first described. Interestingly, these alter-
ations were also observed in ‘‘regular’’ caries, suggesting
additional similarities between both diseases.
OCT technique analyzes the reflected and backscattered
light incident on the tooth, making it possible to visualize
structures inside the specimen. OCT, as a relatively novel
method for the assessment of caries, is being validated in
several aspects of dental diagnosis. In the present study, the
technique is able to describe morphologically the RRC
without the need to destroy samples, as occurs in optical
microscopy, because of the nondestructive property of the
method. For this reason, OCT is a promising technique to
analyze the carious process evolution in irradiated patients.
More importantly, OCT images can be compared with
histological images, allowing accurate identification of the
enamel layer, the DEJ, and a thin layer of dentin.10 In
FIG. 3. Polarized light microscopy (PLM) micrographs of deep coronal caries lesion (a), incipient root surface caries (b),
incisal caries (c), and brown discoloration in noncavitated smooth surface of enamel (into rectangle) (d). Corresponding
optical coherence tomography (OCT) images, respectively (e–h). DD, demineralized dentin; TZ, translucent zone.
FIG. 4. Optical coherence tomography (OCT) images (a–c)
show different sections of the same tooth. In addition to
evidencing the DEJ and CEJ alterations, in (c) an area of
dentin caries near to the DEJ and healthy dentin under the
remaining cement is also observed. (d) Microleakage through
the DEJ (gap), caused by caries and abrasion lesions. (e and
f) Caries progression in different parts of the same tooth.
Maximum depth was measured to evolve from 189 to 485 lm
(dashed lines are guides to the eyes).
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addition, it allows identification of distinctive aspects of car-
ious lesions, mainly as an increase in backscattered intensity,
and determining of the depth of demineralization.11 When
comparing OCT and PLM, similar findings could be noted.
Predominantly, cross-sectional images of dentin caries showed
formation of reactive dentin characterized as a scattering area
surrounding by translucent zone as a dark area (Fig. 4e and f),
similar to the report of Silva et al.3 under PLM analysis.
The difference between the dark and light regions in OCT
and PLM images is caused by the nature of the interaction of
light with tissue. In PLM images, the region that suffered a
demineralization results in disorganization of enamel
prisms, and this technique uses linear polarizers to perform
the measurement. Therefore, the orientation of the polarizers
is chosen to provide the best contrast in images. In the OCT
images, the interaction mechanism is entirely different; the
light interaction with tissue is based on the backscattering
properties of the sample. With dental tissue loss mineral
content there is an increase in backscattering coefficient,
possibly related to the distinctive interfaces’ appearance in a
light propagation medium (higher porosity). These interfaces
result in variations of the refractive index material, thereby
changing the backscatter. Therefore, the greater the back-
scattered light, the lighter the OCT images will be, as it is
based on backscattered signal intensity.
Clinically, RRC affects smooth surfaces, including man-
dibular anterior teeth, which is unexpected, as these areas are
the most caries-resistant areas in nonirradiated subjects.
Subsequently, there are changes in translucency and color,
leading to increased friability and breakdown of the tooth.2
Also, areas of enamel demineralization were frequently ob-
served by Silva et al.3 under PLM, and also confirmed by
OCT analysis, being characterized as diffuse and infiltrative
brown spots that clinically corresponded to those widely
spread brown discolorations in the smooth surface of non-
cavitated enamel. These lesions are macroscopically de-
scribed as diffuse brown discoloration, and should be
considered a characteristic sign of RRC.3,13
The CEJ analysis showed interesting results. Increasing
age and continuous passive eruption compensating for wear
at the incisal and occlusal surfaces along with gingival re-
cession may promote a shift of the CEJ to the gingival sulcus,
characterizing an area at high risk for pathological changes
such as dentin sensitivity; root surface caries; and cervical
erosion, resorption, and abrasion.18 The dentin exposure at
the CEJ added to reduced salivary flow and inadequate oral
hygiene may favor a fast-growing carious process. OCT
images of RRC lesions showed initial CEJ instability even
when no clinical signs were observed (Fig. 4a and b). Even
carious lesions associated with abrasion on the cervical re-
gion behaved as a critical point of destruction through the
CEJ, affecting the DEJ as well (Fig. 4d).19
On the other hand, the DEJ is an interface between two
mineralized tissues with different compositions and biome-
chanical properties, which can also be altered in unique con-
ditions such as an irradiated mouth. DEJ is also believed to
play an important role in preventing crack propagation from
enamel to dentin, and inhibiting further tooth fracture.20,21
The few publications22,23 describing morphological changes in
the DEJ showed gap formation where massive colonization of
bacteria is often found. Adding xerostomia and poor oral
hygiene may promote fast-growing enamel destruction.
Physical properties of the DEJ (e.g., width, microhardness,
and elastic modulus) may provide critical information about
the ‘‘crack-prevention’’ function.5,6,22 Understanding if it can
be directly altered following radiation therapy is yet a matter
of debate.22 A recent in vitro study showed a reduced ulti-
mate tensile strength when tested perpendicularly to tubule
orientation of coronal and radicular irradiated dentine,
demonstrating that irradiation can be directly harmful to
organic dental components.24
Conclusions
In the present study, it was demonstrated that OCT
showed some important advantages when compared with
the microscopy method to evaluate RRC, the main one being
the fact that it is noninvasive and can be used in the clinic.
The structural changes of the cervical region, including
mineral loss tissue and CEJ and DEJ alterations were also
better evaluated using OCT than with PLM. As OCT provi-
des real time 2D or 3D reconstruction images, it can be used
for the screening of RRC, particularly in brownish non-
cavitated areas of the teeth.
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